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problems of interest in metal cutting. In this thesis 
a.n empirical relationship is developed that can be used 
to predict the ~hear plane angle for AISI 01020 HRS once 
the eutting conditions have been selected and without the 
necessity of conducting a trial cut. The reasons for not 
being able to obtain a similar relationship for SAE 4340 
HRS are discussed. High speed photography was used to 
take movies of the shear plane area for selected cutting 
conditions to confirm the results of the empirical 
relationship. 
.. 
The shear plane angle relationship for AISI 01020 HRS 
developed in this thesis can be used, in conjunction with~ 
a similar relationship for determining the friction angle 
•' 
_, 
J 
) . 
~ , to predict the cutting forces and power requirements 
which will be encountered in a given cutting situation 
prior to actually performing the operation. This type of 
information is extremely useful for the design of cutting 
operations, cutting tools and the machines which.use them. 
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INTRODUCTION I 1. 
i 
' 
t,-.. 
it is· formed by the plastic deforma.t.1on of· t ...u..i~h~e.,._··-i'. g""-!r.--(,.,av-.w1~.~---.. -.. -------~ 
· ·--·~- --·- · structure that· -takes place in a shear plane which extends 
\, 
' 
rrom the edge.of- the cutting to-ol ·to. the surfaee of the·· 
workpiece ahead of the tool. The plane on which this 
shear process takes place is called the shear plane and 
the angle which this plane makes with the newly generated 
surface is called the shear plane angle¢ . 
While the region in which the plasti~ deformation 
occurs is c9fil~only referred to as the shear plane, the 
deformation actually takes place across a narrow band, 
or shear zone. If one considers the rate of shear it 
is seen that for the material to pass from its undeformed 
' 
state in the workpiece to its deformed state in the chip 
across a single shear plane, in zero time, would require 
an infinite force. The shear zone then allows time for 
the deformation to take place in a finite time compatable 
with the available forces. The shear zone is a narrow 
band and for the purposes or this study will be assumed 
to be a single plane. The purpose of this study is to 
develop an experimental method of the determining the 
shear plane angle <p • 
.) ,•. 
IJ 
.-' 
\ V 
- ...... ·· .. ······--· ...... ........ ~-·-·r· 1 ........ I .. _ .... ,.? 1 .. ;···--·--·--·--~-y~"----~- ..... ,-~-.-....... -·--·-·· -··---~ _..-, .... -.,--,.··-- ,.- ........ .,...,._ ---· • ---- :·,, .• , .. -;~--.---,_4'-,-,..,-J...'L"..._...,....,...._-.J""k',,......,.....,1' .... itl 
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This study will be limited to orthogonal cutting. 
Orthogonal cutting is "the ~ase where the cutting to_ol _______________________ _ 
- ... __________ ,,_. ··.-- .. -·-"-' .. _ ... ~ ~-~---: <-·-.-· >: _____ ....... -...... ~---·--·--··-- . - -· --- . 
generates a plane surface parallel to the original plane 
-~-· .. --.. ., ···-
----,-----,---,--------·----------------------- --------·--------------------------------------------------·----·-··-·--------------------------
-- - .. 
of the surface being cut and is set with its cutting edge 
perpendicular to the direction of relati-ve· mot·10:n of the 
tool and the ·workpiece. 11 1 
The forces acting on the chip in orthogonal cutting 
are illustrated in Figure 1. 2 In this figure the line OC 
represents the shear plane and d represents the depth of 
cut. The. angle oc is the baok rake angle of the cutting 
tool. 
The force Fis the friction force of the tool acting 
on the chip. It acts in a direction which 1s opposite 
to the motion of the chip as it slides along the face of 
the tool. The force N is normal to the cutting face of 
the tool and is provided by the tool. The forces F and 
;:~ ~ 
N can be combined into a resultant force R' which is the 
force that the tool exerts on the chip. The angle between 
the normal force N and the resultant force R' is c~lled 
the friction angle ~ • 
·; 
' :tl
l 
' 
.. 
lMerchant, M. Eugene, Ivfechanics of the 111 etal Cutting 
Process. I. Orthogonal cutting and a~ Type 2 Cl1.ip, 
Journal of Applied Physics, Volume 16, Number 5, 
(May, 1945), p. 268. ,, 
2 ,i ibid, p. 272. 
3 
., 
, . 
, .. 
.-· '' 'i 
.1. · .. • ' ' 
i 
The shea'r force Fe, acts along the shear plane and. 
is responsible for the work expended in shearing the chip 
~------------'---'---------·--·--··-·------·-
-- ,-. -
.. --·------- ---from the workpie-ee-. 
----·--· ··-··- ···-·-- _,.,. ·- .•. "' . 
- ·- ·-··--· 
-~-··· .,· ..... - ,~,. ,~.- .. ·-. ... . ... - __ ... _ 
- ---·· .... - --·-----· ---------~- . - '.- ·--·-·-··········--·--···-~-- ·-- - . 
-·-··--· ·· a compressive stress on the--shear plane. The forces F6 
-~-
·-and Fn can be combined irito· a rssul tant force R which 
represents the force which the workpiece exerts on the 
chip. The resultant forces Rand R' represent two equal 
and opposite forces which hold the chip in equilibrium. 
d 
Workpiece 
-';: 
·, 
Forces Acting on the Chip in Orthogonal Cutting 
I,; 
Figure 1 
. --... - ...... 
.~ .. -
.. 
i' 
' . 
····---"-'----'-"'---'--'---·-- ·-· 
The resultant rorce R can be resolved into two 
component forces F0 and Ft. The force Fe acts along· 
----th-e---a1re-c-tion of motion o:r the tool rel-ative to -t-he - -- -------- ~-
---=-=-. ..:.-.;.::-:··_·--___ -;::--;:==~---·:----~~--.,,=-...:~-~-:.=--:;,;.::=..:;:.".";:".,.'...-:".;:.:::----·=·~-.:.:.·_·:..,;:-•. :;-,:.~=··---· __ _;:-· ___ ;~-:;_·:·-··.----·--·-·---·.--:--_-_ --- -.- .. -;:.:.·--. .------_- ------,--....... - - --·-- ·- --- __ ,._ -- ·- . -· -- --- -----· .. ......:,-~.--....,...-- ....... , ....... ·····---. 
______ w_o_r _ k___..._piece and_ j_s known as the vertical _or cutting force. 
--- .. ----------------·-------------------- ---The f.o:roe Ft acts perpendicular to the cutting fo:r'-C-8-~-- ----,-----
_______________________ , __________________ ---and is .known as the feed or horizontal force. These 
~, .. 
-·-
forces can be measured by means of a two component 
dynamome te r. -
. 
For a given depth of cut d and tool back rake angled.., 
the force diagram cannot be solved unless the shear plane 
angle (/, , and the friction angle ~ are known. The pre-
diction or the shear plane angle in terms of the cutting 
conditions has been one of the central problems of interest 
in metal cutting. Since the subject of this study is the 
determination of the shear plane angle, ,this discussion 
will be limited to the various analytical methods which 
have been presented for 1 ts determination. 
Perhaps the best known solution is that presented by 
Ernst and Iv1erchant, which was derived using th~ minimum 
energy theory; that 1s, the shear plane will be located 
-
0 such that the minimum amount of energy will be required 
to shear the material. Ernst and Merchant assumed that 
the shear stress is a maximum in the direction of the 
shear -plane and that the shear stress on the shear plane T 
5 
..... 
, .. ,,- ,,, ,:_,~ ....... o"r. ~,,_ .. ,.._ •.· .... - ·----·-~ ~ ....... •· ,.,., .,· •. ·"·" .• , ..... ,·-~ .... -.-~ .- ~ • ..,._.....,.......,. ... _ ... -. ........ -·-·-,._ .. ,·-7, --.. ~·-
. ·., ) . 
· -•··-·-~·-··-·,·-· ~ ·•·---- ~- •·-·---~, ·· ·---~ , .. ··~-,.,,.,.,,. .. ·, ··••·' ·,._..,,_,,, .•• ,~, .. ,.~,,,., . ., ___ Jl~.,1,.:.·,-,c~r -. 
' ' 
'-
,, 
\I: 
,, 
' .,. 
I'; 
'I 
~ , 
! 
• 
,l 
'l 
; .. , _,,.r_,_.,-.•,", 
,· 
r 
• 
.. 
was unifonnly dis·tributed. T oan be expressed (from 
Fi~re 1) , 
'\ 
-·-·-----··-···--·-·-·------·-····--·-·--·--·------------------·-··--···-··-----------------·--------··-----·--------·-------------·----------········-----------------------------------------·------·---~--
- T- ~- --Fa 
__ As 
-• •. Rt-·· oos·(~¢-+·r~ tX.)·· sln-rp·----- __ .. -
A --------
- -·. _, ..... ., ..... _ ... ··-·· .. 
' .. 
- --- -·- -- -r1·-t··· ·---.. --.----.. ··>·-:--:----- -----------· .. --··--
-... where- A 8 is the area of- the -shear- plane and-- A-----1-S --equal-- - ------------~------~-~--·------~-------
tQ _j:~h~ ___ d_ep ~h __ of ____ cu_t __ time_ s __the __ " _feed ...... rate_._ _ _ 'ro ___ :find ____ tb.e__ _ ___ ____________ _ __ _ __ ---------------- ___  
shear plane angle such that T would be a minimum, equation 
(1) was differentiated with respect to </J and the result-
ing expression set equal to zero. Both R1 and ~ were 
assumed to be independent of ¢ in ,the dif:rerentiation. 
The resulting expression for the shear plane angle is 
¢: 45 - :; + (X 
2 
• 
All of these assumptions have been questioned by 
Smith, Cook and Firuiie3. They found that a tool 
( 2 )-
6!,erating with a fixed resultant force at an angle ('r'- CX) 
must have a shear plane at a fixed position, but it does 
not have to be 1n the direction of maximum shear stress. 
Experimental data has shovm. that the resultant force R 
is dependent on the shear plane angle. Shaw, Cook and 
- Finnie also found that the friction angle is affected 
by the shape of the stressed zone and there~ore cannot 
be assumed to be independent of the shear plane angle • 
·3 Shaw, M.C., Cook, N.H., Finnie, I., The Shear-Angle 
Relationship in 1-1etal Cu-t,ting, Trans of the ASME, 
Volume 75, (1953), p. 277. 
6 
• · ..• • ,c.-, ,._,,,-.,,...,_,)<.q~~~--T'J.,,V::c'.'.40.JiT,; i:',ff:,f:,p':-,-;·1,,-,-r- ·1 
. ,.,::-:; i~·:, '' -', ~l ... ~, '. ·- . 
Merchant reached the same result as equation (2) 
in 1945 by assuming that the shear plane angle would be 
-· ··------···-···--·----------------
------- • . ··-,· ----- .l" -------------- ----------- -- --- --- -------- • -- - -- - --
such that the total power consumed would be a minimum._, _______ ~----·-,--,----·v.------- __ 
. -----·- . " 
. - . , ........ ---···---· 
He expressed the total power as 
-------'--~------·-----------·--···--··· -· .. .. ·- ................. --·-······· ···········---------------- ----· - ····-····---··.. 
-
P = FcV = T AV cos {T-CX) (3) 
---------- --·------ .-·---.. ·--.~~-- .-·--·-.... -----·-----·------------ -------- ------ ---- - ---- ----- --- -, . _s_in ¢ cos.(.¢.+ r - G( l----···----------------·--------------------------·---------··--------·-----·---
:, 
·-~ .. 
In this derivation Merchant made the following 
assumptions: 
1. The shear plane angle will be such that the 
total power consumed in cutting will be a minimum. 
2. The friction angle is independent of the shear 
plane angle. 
3. The shear stress on the shear plane is in-
dependent of the shear plane angle. 
\'/hen equation (3) is differentiated with respect 
to cJ, , considering T and ?.' to be independent of the 
' ' 
shear plane angle as assumed above the result is 
¢ = 45 - 'C + a: 
2 2 
, 
.(·_-4··_.) . . : ' ' . 
: ' . ; 
which is the same as equation (2). Since-many examples 
can be found where a process occurs in such a manner 
that the energy consumed is not a min~um, there is no 
clear reason why assumption 1 should be true. Assumption 
2 was previously discussed and assumption 3 is only 
~approximately correct as Shaw, 'Cook and· Finnie have 
I 
:7 
,.t ••• - •.• -
,, 
" 
. ". -
I 
~.~,-::~•-.f<._..,..... .... ,,,.,:-Hr~,;-·,• ,.,.,":',...'"".!IM"~!~'."''~-.4'•·<;.,o;,-_.r~..;l,_;_.. . .C.;;·tc: -:\ •. ,-,-.,,·~•' • ,,.,-,·---·'" ' '", - • ' .:,-,. ·•••·• ••)O<c ;y:(-.rf'Vt'l.....,,.;::'f.ol;_",~1',11,l,~fJ,1,1,'.J~!.r.,i.:{l,C•)"'-·!~•a,r-;_, ...-... , .• c.-'~_,.,,., ... U•~'."~~~JU~,i,.- .... ;-.·•,,:_~Of~ •... :z:: :,~~-,,'f_<::':'""'.i:i,HO,'·~~ ,~; , , 
I 
:;t 
.. 
i 
., 
1' 
I ~ 
ii 
I, 
1-, 
l~ 
I 
0/ 
observed that the shear stress on the shear plane is not 
independent of the sh~ar angle.4 
-- ----- - -----
- - -----·- ---
··- ··--· ·-·--- ·- --·------·--·-····- -······-··· ..... . 
Both of the relationships described above (equations 
-- ~--- --·---·- -- - - - - -- - -· ··--·--
--- - . --- - ----------· ••• - - - -- ----- ·-·----·- .. -h• ' --- -
- --- ·a1 ----
--------···· ···-
..•• u .••... ,·. 
' .----..-----,·- ., .. ,. . .. ---------
. ~ ,-. 
-2 and 4) tend to overestimate the magn.1tude of the _ shea_r ___________ _ -- __ -:__ ___ --- ----------------··-·---·---------·------- . ·--------------------- ~-
..... -- .. --- ,. 
. ,, 
-
~------
-- -------------------
plane angle. 1vierchant then introduced the concept that 
••- ••••••-•••••••••-•••••••-•••h--U--H-•·•••:•••:••4-•••·• ----------'.--·~---. •.•• • -•••••••-•••-- ., O - - - ---- - ----------~ -- ---- - -- -- - - --• ---- - - ----..- _________________ -c'> ____ ...,....,..,... _
_
_
_
 _ 
-------------
----------- - --- - - -- -- - -
:',",;-' 
i!,-· -
the shear strength would be dependent on the normal 
stress on the shear plane according to the following 
relationship:5 - , 
s~ = S8 + K Sn 
' 
(5) 
where S8 is the shear strength of-the material under zero 
compressive stress, S8 is the shear strength of the 
material under load, 5n is the normal stress on the shear 
plane and K is a constant of the material and represents 
the slope of the curve of S~ vs. Sn. 
Using this concept along with the assumptions he 
made in his minimum power solution, he·derived the follow-
ing expression for the shear plane angle. 
• .i ' ; r - ,., 
</) = cot-1 K 
2 
- L + (X 
2 2 
, -(6} .-. 
41bid. , p. 277. 
5Merchant, M.E., Mechanics of the Metal Cutting Process. II. Plasticity Con~itions in Orthogonal Cutting, Journal of An~li~d Physics, Volume 16, Number 6, {June, 1945), pp. 320-322. 
. I 
8 
·- -
f 
Merchant called the term cot-1 K the machining constant c. · 
Equation ( 6) ca~n then be expressed in 1 ts more familar 
- form 
···--:..:.:.;.:~"!.~-"'~~=-·-----~---·..>-.:. •• --;.;.--.. -~.--..... ·~-------~-~--·· ... ··'."·'"".--""."''--"--· ···:·--·-.-·,:··- ._. ···.1·.-1•:•.e··· - ··· .. -;-· - •• .- ....... ······---·--- --~.:.: -······- - •.. -·~· 
.... --- ... 
- -- ... - ·--
2 ¢ + 't' - ex =--_ c ----. ·-· 
-. --~-~\-.-. ._, .. ,~,.,- ...... , ""''"'' -
---····· ' ' 
'I 
'I I 
t 1 \,~ 
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Unrortunately, the dependence of the shear strength 
not been supported by independent experimental evidence.6 
In 1951, Lee and Schaf~er presented their solution 
to the problem of determining the shear plane angle. 7 
They retained the assumption of a single shea.,r plane 
\ 
but introduced the concept of the ideal theory of plasticity 
or ideal .slip-line ·theory. They made the following 
assumptions. 
1. The material being cut behaves as an ideal 
:plastic and does .not strain harden. 
2. The shee.,r plane represents the direction of 
maximum stress in the material being cut. 
Based on the above assumptions they derived the 
following relationship for the shear piane angle, 
¢ = 45 - 't + <>- J • 
6oxley, P.L.B., Shear Angle Solution in Orthogonal 
Cutting, International Journal of Machine Tool DesiPll 
and Research, Volume 2, Number 3, _(July-September, 
1962), p. 221. ,,~ 
, 7Lee, E.H. and Shaffer, R.W., The Theory of Plasticity 
Applied to a Problem of Yi.achining, Journal of A)plied 
lvlechanics, Trans. of the As.ME, Volume 73, (1951 , .. 
PP. 405-413. 
9 
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This solution is based on the assumption that the 
material is an ideal plastic, which would indicEtte that 
-~--~----- ------ --- ----------------
- -~------ - - - ----------------·-·---~---·--·-- ----- -
. -- ------·-------- . ------- - -------- ---,~- -- - ----
~~~~~----~------~:--=-==,~~~:~,_ ... ,. __ ,_· __ ::_·t,he sh~a_r _stres~ on the shear plane and the normal stress ; 
,,, • .,_ 
. -, ·• .... , -·- ··-. _ •• c.:..: •••• ,,., -- .":: •• • • •• • • • •· -=.cc .;:. • 
_ • 
on the shear Jllane · should be equal. Since this is not 
-·-------- _____ ...... _ ··- --· --·--·········-·····- .. ---------------·---:=:.::--~-===-=-=-=-=---=-- -- ---- -.- .. -~-----::::-.:::::==::=-.=::.-- -
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usually the case, this cannot be regarded as a general 
·i 
TI 1f~"-------------.---~~·-=~~~-~-,-,.~-~--,,.._,, _________________ s·o·r·utiori. - -A-lso s:in-cie· ···ne·arly all metals do not behave a·s· __ ., ..... 
~~.~-
'?,; 
an ideal plastic when they are machined, the strain 
hardening must be considered. 
When Lee and Shaffer :round that equation ( 8) was 
not in agreement with expertmental data they made the 
further assumption that a small built up edge was present 
which was responsible for the lack of agreement. Expanding 
their analysis to include the built up edge they developed 
the relationship 
<t> = 45 t e - 't + ex 
' 
(9) 
which differs from equation (8) only by the angle 9 
which is a measure of the built up edge. They claimed 
good agreement between the values calculated by this 
. :~-; ·_:_._:... .. ··-;:'·,·. : .. ,---= 
'·.-,- - --., . ...,. ,.,,...,,~, .. -,' . 
... 
expression and actual experimenta.l results, but they did ~ 
: \:, 
not present a method for calculating the size or the 
~ built up edge for given cutting conditions. 
Hucks presented a solution to the problem of 
determining the shear plane angle that is similar to that 
proposed by_. Lee and Shaffer. In his solution, Hucks 
'"v< 
... 
' ,J, 
10 
- - •..• •. -.. -·.·--;.·. '';). ~.;~J';.~ • ., . 
' • I 
made the f'ollo,ving assumptions. I : 
; i 
1. The stress between the chip and tool along 
--- ~· ---------------··--- ----- --··--··---··----·---·-------·-··---·--··---·------·---------·--·--------------------·-·-···-·-------------- ·~· ---· ------·--------- __ .. ! 
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the face of the tool is eveniy distributed. ·· · 
- - ----.-· • ..! ••. : ••. ,.·-: .. :· ,;... • -- •• --· ·--· -
' j i
,c:;·, 
2. The shear·-··plane is in the direction of maximum 
__ L 
. ' 
II 
I stress. 
\\ 
' -~ 
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3. The resistance to flow in the direction of 
chip motion is relatively small and thus the normal stress 
on a plane perpendicular to the face of the tool can be 
assumed to be zero. 
Based on these assumptions the following relationship 
was developed, 
¢ = 45 - tan-12_,a + ex 
2 ' 
whereµ is the coefficient of friction on the tool. 
(10) 
Concerning Hucks assumptions, it can be expected 
that the normal stress on trre face of the tool will be 
low, but there is no reason why it must be equal to zero. 
If the stress on the face of the tool is to be' zero for,, 
all conditions, the shear stress on the shear plane must 
always be greater than the normal stress on the shear 
plane. Since the normal stress on the shear plane has 
frequently been observed to be greater than the shear 
stress on the shear plane this solution cannot be 
-·\·· 
/ )· 
1_ :>'-·. 
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correct for all cond1t1ons.8 
Hucks also expanded his relationship for the shear 
-----·-----··----------·------·--------·--·----·--·-~--····-·-···-----·-·--·-------·------ -··· ·----- ------------· .. ··----·-----~-----,--------·•···----·---------------·------------------------- --------------------- ···- -~ --
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. 
plane angle to include the effect of the normal stress 
..... -----· __ ... 
on the shear pl·ane~- Equation (10) then became: 
¢ = - tan-1 gµ + (X , (11) 
------ • .. •• • _ _.. ___ ,_ ___ H_ ·- • .,, ••• -~-- --- •••, , ........... _,..., •• -~ ~---"",.,....' -•"' • -·~--- ••••••~••,•-•_.,.-~.-----..... ,.•--••-•'.h•• ~····-~--,- •••••• •••• ••• •• ,,. ... _.. 
cot-1 K 
. -2 ... 2 . ' .................... _ ...... , ..... , ... ___ ,, __ .. .,".· --···"'····-, .. --·=··"-.... ,., _____ .,,,, ..... , ... _~-- ·····-··-,-~-~ .. , .. _ .. _ ........... , .. . 
-~ . 
where cot-1 K is Merchant's machining constant. 
Hill states that the existing theories of the 
mechanics of machining do not agree well with experimental 
-'·· data. He feels that perhaps there is no single unique 
solution and that the ultimate objective should be a 
whole range of solutions of perhaps the shear plane type, 
each complete and each associated with its own set or 
sets of initial conditions. As the first step in pro-
ceeding towards this ultimate objective he suggests 
establishing the extent of the forbidden range of the 
\!"~ 
shear plane angle. Hill then examines the permissibility 
of the stress conditions at the ends of the shear plane 
implied by the shear plane type of solution. He shows 
that if the yield criterion is not to be exceeded, the 
position of the shear plane angle will be limited to a 
certain range. The Ernst and Merchant relationship 
8Shaw, M.C., Cook, N.H., Finnie, I., The Shear-Angle 
Relationship in l~etal Cutting, Tra..nsactions of The 
American Society of Mechanical Engineers, Volume 75, 
(1953), p. 276. 
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(equation 2) falls outside of the range and 1s thus 
~y~:J,._id wl1ile the Lee and Shaf.fer solution. (equation-----8-J----
... ,.. .... . ...... '········: ..., .. ···•J,.1,;,,,~, .......... • :.....,.-~ .. -:..__ .. ____ ..... ... , ....... ····-· . . . ' . 
- .-· -~--. ·:·"~·-- -:-.-~--: __ , ____ ... •,-.,.,...,;-:,:".~~;~·-
·· forms one boundary of the excluded region. 9 
In 1953 Shaw, Cook, and Fi@_l.~-- ext_ende_d the__Lee_. _ --·-- ------·-·--' ----· .---,~---· ---·--··-·- ······· ·····-· ········-----··--·---··· -····-··--··-··--- . . . . ... --·····-·--·--- .... --··-···· .. ·--- ' ... .. . . . - .. 
and Sha:rf'er solution by making a change in the assumpt!on . _______ ·-····-
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that the shear plane represents the direction of maximum 
stress 1n the material being cut. They assumed that 
the plane of maximum stress will not be in the shear 
I plane but will make an angle rt with the shear plane. 
I t. If the Lee and Shaffer solution is repeated with Ji, included, 
the following relationship for the shear angle is ob-
tained: 
¢ : 45 - t' + CX. - }i_ I • 
){ can be either positive or negative and to 
determine its sign and value it is necessary to draw a 
·Mohr's circle diagram. In a discussion of the Shaw, Cook 
and Finnie paper, R. S. Hahn questions the occurance of 
,C ~" 
both positive and negative va .. lues of V\..' , since the 
direction of shear shifts from the direction of maximum 
stress in one sense in the tensile situation and in the 
opposite direction. under compression, while in metal 
%111, R., The Mechanics of Machining: A New Approach, Journal of the Mechanics and Physics of Solids, 
Volume 3, (1954 )', pp •. 47-53. · ( 
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cutting the stress field is always compressive.lO 
The similarity between equations (9) and (12) 
should be noted. The e term in equation (9) whiqh is 
. L_, • • 
. I 
a measure of the built up edge is replaced by the }z term 
- •••··o<.•' '•I·., "r..--~, .. ·•• 
-----·-··---------
·-- --· ·-· - ---- - . -·· -----··-·-·-·-- ---·-··· . - .. --:;:-.-:=..-.;i.,~ .. -.-~=-··- ----·--·---·-----·-------···· . ' . . . -- ., . . - ' ... ··----- ......... ~ .•. ___ ........ ·-----·-·---------·-"··-
which is a·measure of the deviation of the shear plane 
.... -···--- ---·---~--·-·-···. --~·.-••••--------•·--··""o·---,. ·--- ···----· 
_ ..... · ' .. 
from the direction of maximum shear stress in equation 
1· . 
(12). The relationship given in equation (12) can be 
fitted to experimental results, but it is of no practical 
;;. 
significance because of the lack of an independent 
method of determining the deviation of the shear plane 
from the direction of maximum shear. 
,. ,, 
Colding, in a paper presented at the annual meeting 
of the International Institution for Production Engineer-
ing Research in 1958 introduced the concept of the 
anlsotropy of the worl( mEt teria.l to the problem of deter-
. ., 
mining the shear plane angle. He applied Hill's plasticity 
condition for anisotropic materials and derived the 
\• 
-,. 
" • 
following rrelationship: 
¢+~-IX= ta~-1 - _2 _ _.....,...,......_+_2 ...... J_ cot 2.a, (13) 
+ l 
iJ 
where F/H is the ratio of' anisotropy paramete:r;s and 2fl is 
lOshaw, 1~1.c., Cook, l\J".J., Finnie, I., The Shear-Angle 
Relationship in Metal Cutting, Transactions of the 
American Society of' :C-iechanical Engineers,, Volume 75, ) (1953), p. 28?. 
. ... 
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. . . 
the slope of normal at point of tangency between Mohr 
__ circ_le_. and hyperbolic Mohr envelope resulting from . 
plasticity c_.ondi t1on. 
., 
------------ ·-----· 
1st1c of the workpiece material and can be determined 
-- ... -------·----· ........ ---------~--- .-_.~---·-·----~---·-····~--~-·-----· ' --·. --·· ·-· ---·-·- ·-
- - ----------
--~ -- . ----
·.'!' 
- ~. 
from tests of the physical properties of the material. 
The term 2 ..n. is dependent on the feed rat.a and rake angle, 
presumably because of temperature effects on the shear 
plane. 
Oxley in his soluti_on to the shear plane angle 
problem introduces the effect of cutting speed on the 
i· shear zone.11 He stresses the fact that at extremely 
slow speeds the shear zone will be rather thick while at 
~arm.al cutting speeds the shear zone will become quite 
thin and can be approximated by a single plane. He 
applies slip-line theory for materials of variable flow 
stress, that is, the slip lines are still assumed to be 
,, 
lines of maximum shear stress and maximum shear strain 
rate as in ideal slip'-line theory, but the flow stress is 
no longer assumed to be constant. As this thesis is 
concerned with cutting ai carbide cutting speeds only the 
1 
solution for normal cutting speeds will be discussed. ··In , 
~loxley, P.L.B., Mechanics of Metal Cutting, Proce~ding~ 
of the International Production En ineerin Research 
Conference, (1963 , pp. 50-60. 
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this solution Oxley recognizes the special character 
' ... 
of friction on the tool fe.-ce and a~~~~~ ~l1e frictiona,l _____ _ 
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.,, ... ,.,, __ 
.· _ .. t1 .. 
"I• ,.,,·._.., 
- ., 
·II; • '' : '·' . 
, condi t_ion between the chip and the tool can be repres_ented " . " ' 
... 
------·~·-··--·-··---by a constant state of stress along the tool-chip inter- ; 
- - - ........ ~,. ....•. ···- ···- . . . - - - ... .. -
- •· ·······- ----·-------· ....... ------- ··---··-····'" - - -- ·--- - ------- ..... ......... --- ---··· - . ---~---
face. Then tal{ing into account the variation in the 
normal stress across the shear plane due to strain 
hardening he developes the following relationships: 
, (15) 
tan B = ~ 1 + 1!. - 2 ¢ + cos 2 ( ti> - ex) - sin2 ( (/) -rx) . (16) 
2 tan r 
Q ... --- •--. 
For given values of C( and~ these equations can 
be used to calculate e/Jby selecting 4'to give the same 
value of & in both equations. Wb.en the results obtained 
using this solution are compared with observed values of 
the agreement is good. However, there is a slight tendency 
to underestimate cp. 
• 
"' Sata in his solution to the problem considers the 
real contact area between the tool and the chip and the 
shear stress on the face of the tool and on the shear 
plane. 12 He develops the following relationship for the 
determination of the shear plane angle: 
12 
cot ¢ =. cot B + cos e n 
sin( e- a) ' 
Sata, T., Recent Developments Concerning Cut-ting 
(17) 
Mechanics, Proceedings of the International Production 
En~neering Research Conference, (1963), pp. 18-25. 
16 
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where Bis the-angle between the shear plane and the·· 
.. 
--------·---·-·--·--------------··-·----- _______ g.irection of the resuit,_~:rit of the cutting force R. K 
' . . 
-. ----.· .· .. -- -·- ·.- .. · . ---··---·---· ··-·-·-·-- --····-·- -..... · ··---······-······· ·-····- .. ···--······ii:,•···-··· .. ·--··. ····-- - . ·- ·-- ... .. . . . .. .. . .. . . . -··----·· ····----···-·· . ·- .... , . --··· ·--·· 
__ is the ratio of shear stress on the face of the tool to i' 
- ' !: 
• i 
t 
·that on the shear plane and is dependent on the mechanical 
- . --- ~-----·--···-- · ... ~.-. --- -·-·--···----·. ··-·----··---·-·-·-------·---- ····--·--··-·---- ........... -,---·---·-·-····-····-····---······-··-·-·--·············--------··-- ·---·· -·······-·······-·--·-------·-···-·--·--·- - . --.. ···---·--·--······ 
.':",·! 
properties of the work material. Lis the ratio of the 
tool-chip contact length to the depth of cut. Sata 
"\ 
assumes that since the shear stress on the face of the 
tool was constant for controlled contact tools which he 
has examined, the real contact area must be the same as 
the apparent contact area. This may be correct for the 
moving interface within the chip, but since the interface 
between the tool and the chip might be quite porous this 
assumption may not be valid, w~ich would invalidate his 
solution. 
In the preceeding discussion I have presented a 
brief s11nnnary of the major \-Torks that have been done in 
an effort to predict the value of the ··shear plane angle. 
Most of the· earlier models were based on the assumption 
that the shear plane is a very narrow, plane or slightly 
curved, shear zone just ahead of tl1e edge o·r the cutting 
tool. The more recent shear zone models advance the 
idea that the shear zone may be a rather thick layer, 
J 
or fan shaped and also tend to introduce more ·of the .. -.. -·· 
-
... 
. ;,. 
·.:· 
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physical properties of the workpiece into the solution 
for the shear p3:9-_:rie ---~r:ig]_e. T]J~se mod_els __ t_end_ to _ _be_ .. m.ore. ____ ----------------------------------·---· __________ _,, _____ ' .,. .. --
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-------------- ,, -- ----------------- ----- -- - - complex that the earlier shear plane models • 
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D 
I 
problem of d-e-termining the shear· plane angle, but "no 
existing shear plane solution is successful in predicting 
over a 1vide range of cut ting conditions the -- shear aJngle 
in· terms o:f independently measurable parameters. 11 13 
In this thesis a relationship will-be developed 
which can be used to predict the shear plane angle once_ 
the workpiece material and cutting conditions have been 
selected and without the necessity of conducting test 
cuts to determine any dependent parameters of the type 
required in existing relationships. 
Using }'1erchant1 s forc,e diagram (Figure 1) a relation-
" 
ship to determine the shear plane angle in terms of the 
cutting fo~ce, friction angle and back rake angle can 
be developed as follows: 
The shear plane area is equal to the length of the 
shear piane OC times the feed rate f, but since 
... 
oc = d 
sin<fJ 
, (18) 
13oxley, P.~.B., Mechanics of Metal Cutting, International 
· Journal of Macl1ine Tool Design and Research, Volume 1, (1961), p. 91 • 
.,. 
18 
.. , 
·". 
the shear plane area A8 can be expressed 
=-'"'-..-=--=.::.-.:. .... ";:· · .. --···" ·-··e·'J. -::-· ·:"'-:. ···::,. .•:-:_, = ... ·., -;-·- -~- .·.:· - • - - ·- , -··-· ~- ·-· . ·• -- • 
.A.s = .~ .. ~ . ~ ....... • ~ ~ .. . -·---··----------·-··-----·-· __ ( 19:) ___ . _______________________ _ 
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The shear force-F 8 is equal to the sheaI' ___ p_lane . ' . j 
- I 
-----=----· · · ·. · · ------ - · .. area multiplied by··· ··tn:e-·-shear streng··-···th or-- the -workpiece ------·-·-----··----·-··--·----···-····_--- ~.~ 
C I 
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~-~ 
material, 
FB = d f Ss 
sin¢ 
• 
From the geometry of Figure 1, the resultant force 
R can be expressed in terms of the shear force as 
R = Fa • 
cos( (/J + 'L- OC) 
substituting (20) in (21), 
R • d f Ss 
sin¢ cos(¢ +'L- C<.) • 
From the geometry of Figure 1, the vertical 
, cutting force can be expressed 
(21) 
F O : R cos ( t' - tX), (23) 
then substituting (22) in (23), we have the following 
relationship for the vertical force, 
sin¢ cos(¢ +t"- ~) 
d f Ss cos(T-~) • 
To solve this relationship fo_r <:p , first let 
( 't- a ) - ~ . Equation ( 24 ) can then be rewritten 
F O = ___ d_f ___ S ..... s~c ..... o ..... s~~...,._.--
s'in ¢ cos (<Ji+ ,s ) • 
.... --....0 
,>. 19 -
t. 
-=.:,...-· ,. ' 
(24) 
(25) 
• - ' -· •• e,• .......... ~- ., •-,• .,, - ni; ll'l ,:· : . 
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., 
n 
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The term cos ( ¢ + /8) can be expended: 
--~.· ··--··-....... ~ .. ... • ... ()Qs(~:t:/]J_ = co1:L¢>· _cos~~ . .._ .s1..n </.f3_J.ry§:-~~{-gfil ·-··~ ., _ .... -:-.:. - -·- - - =---':::~,-- -- -- - ----·--------- .·· .. - --
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we have 
- --~·· - . -- . . .. ---- ---- __ .,.... _.. ......... --- -- . - -
,. .. ,, __ , __ ·------ . ----··-······· .. 
····'"''- -·----~- - ,, .. ..._. ... ~-~~---··---- -------···---~ --··--···~·---.~--· .. -
·"" . -
d r Ss cos,8 
_ ___ , 
sin ¢recs cp cos,,.B - sin2¢ sin,,B _ (27) 
which reduces to 
or. 
• 
sin¢ cos ¢ - sin2¢ tan;a 
Rearranging terms, 
Fe= d f Ss 
s1n¢cos¢-
sin¢ cos <p -
ain2 ¢ tan,,B: d f. Ss, 
Fe 
s1n2¢ tan('Z"-CX:) = d f Ss 
Fe 
The relationship cannot be simplified further, 
however it can be solved for¢ by using a trial and 
error method. For a given set of cutting conditions 
(28) 
(29) 
• (30) 
the feed rate and depth of cut will be lQ'lown. The shear 
strength of·· the material and the back rake angie of the 
tool will also be known. The friction angle for certain 
workpiece materials can be calculated by using relation-
ships developed in a thesis by Burfeind. The cutting 
force can be measured by·taking an actual cut and using 
... 
a. dynamometer to measure the vertical cutting force. 
The right hand side of equation (3Q) can then be calculated 
and values'for 
':" ··-.. ··--·-·~-..-·-·- .. ~··--·· -~ - ·--'·~ .. ···- -· .. ····-· .. ··-·· _......... ... .. 
4> substituted in the left hand side until ,J·, 
l 
.\· 
-~j 
\Y· f· 
.' ~ . 
;, 
¥-·· 
1r, 
1:.-
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an equality is achieved. The problem encountered when 
using this method of determining the shear plane angle 
shear plane angle ca~ .. Pe deter-u1ined. I, 
___ ... ____ ,._ - -----·s·---~·--•-•••""-•••-. ---·-"--:--··:••·••:···---OHH -·•> ----•••••••-••••••-••••••••••• O •••'••• -·• ' 
..... ·-·--·-··------·---:.:.._:_-····:~:_:_-----·-.:..:::;_;_:_--·-':C:" ..... . ........ ·" •.. ,,., , . . . ....... :> •: . -----"- • .. ... _I 
·~-·· ... ' .. ' . 
In this thesis, a relationship will be developed 
which can be used to predict the shear plane angle once 
the workpiece material and cutting conditions hctve been 
selected. The cutting forces and power requirements which 
will be encountered in the actual cutting situation can 
then be predicted in advance of actually performing the 
operation. This type of information is extremely useful 
for the design of cutting operations, cutting tools and 
the machines which use them. 
.'\ 
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J!:XPERIMENTAL PROCEDURE 
-------------
- -- --- -- -- -- ----
-___ -· -----~-q---~=~~,r.-~_:Q_µ_~_J__y~-~st a tad _ , __ ~.l,Jie~12urp_osa _ _ot ____ thi .. s._ .. study·-----·-~-~ 
~ is to determine an experimental method -of calculating 
. :.t--h---e· -s-h-ear -p-1-a·ne· ~:ngl·----e--. - rn-o-· .... o·bt--~--1n .. ·d--at·a··-" ·ro· ·r·· ·· t· h·e· · s· ·t·u· ay· ,-.. ·· -· -----------.---.------- .. ·-····-·-······--····----···-··-----·-·- ----- --~·-···~- .. -~ .... ,.~----~ .. ·-~~~·····,~-- .. c-;. .&.  
.- • -.•r • ·-."".,"":'.- • ••. 
I. 
c,-
.. 
the following workpiece materials, tool geometries·and 
cutting conditions were selected as being representative 
of those encountered in actual machining practice. 
A. Workpiece Material - AISI Cl020 HRS, SAE 4340 HRS. 
B. Back Rake Angle - -5 degrees, +6 degrees. 
C. Feed Rate - .0102, .0204, .0410 in./rev. 
D. Depth of Cut - .020, .040, .080 in. 
All outs were made at a cutting speed of 450 SFPM. 
This is within the range of, speeds in which carbide tools 
are normally used, and within this range there tends to 
be little variation in cutting forces due to changes 1n 
cutting speed. 
Taking all possible combinations of the above 
9 conditions a total of 36 data points were obtained. Each 
data point was assigned a two digit 1dent1f1cat1on number 
(Cut ID Number). A listing of the identification numbers 
and the cutting conditions for each data point can be 
t 
found in Appendix B. Three runs were made for each 
condition. The individual runs were identified by adding 
22 
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a single digit run number suff'ix to the cut ID Number. 
- For example, cut g3-3 wo11lq. b§3 Cµt, :.CD Num-'be_r 2-3, __ run ___ 3•------------~-------------------------~-----------------------------. 
_,_--;--- -~-. ~-~--.- . . 
.. ~-~-·-· - .. -·- -----~--~._,._,--·---.·"'·----......... --
,, 
,. 
~- i. 
- .- -- -
- --·-----·------------------.... -------
----------. --- -·-·· - -· .·.··.:cc·.:-.. 
~·.: ·.---;-:·.-:. ·····-----·-· - · 
Data was collecte~ _using the LeBlond 16 inch 
···----------····· .... Heavy Duty imgine Lathe with the varidyne contro_l 1l!).1t _ 
to maintain copstant cutting speed regardless of work-
piece diameter. Horizontal and vertical cutting forces 
were measured using a two component lathe dynamometer 
and recorded on a two channel strain amplifier recorder. 
As the magnitude of the strain measured by the dynamometer 
and therefore the recorded force is affected by the a.mount 
or tool overhang, it was necessary to correct the measured 
forces for both the overhang of the tool holder and for 
the different depths of cut. This was done in accordance 
with the procedure described in the instruction manual 
for the dynamometer. 
The duration of each cut was about 15 sec. Force 
readings were taken throughout each run and the.,. recorded 
force values were read immediately after the brief break 
in period of the tool but before the crater wear had a 
chance to develop and arrect the shear plane angle and 
thus the cutting forces. A listing of the corrected 
cutting rorces for all runs can be found in Appendix D. 
~. : ... ' 
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The sequence for taking the data was decided on 
• • - ---- •••,•----• .--··----•--'-••-r··· , ..._ ___ .;:::;,.;;. 
--·-
as follows. Due to the difficulty involved in changing 
the workpiece all cuts were completed on the 01020 HRS 
material before begim1ing the cuts on the 4340 HRS 
- . -·---·----- -·· - ····-··· . 
--
mater 1 al. The order for the first run for all cutting 
conditions was selected by taking a given material, 
selecting a tool holder and then taking the first cut 
for all conditions requiring the selected workpiece and 
tool holder in a systematic order decided by the author. 
The second and third runs for each material were then 
randomized by back rake angle, feed rate and depth of 
cut. A listing of the order in which the data 1-1as 
collected can be found in Appendix C. 
In an attempt to minimize experimental error and to 
help insure the accuracy of the data the following checks 
of the experimental equipment were made. First, the feed 
rate of the lathe was checked by comparing the actual 
amount of movement of the carriage with the theoretical 
amount the carriage should.move using known values of 
feed rate and spindle speed for a given period of time. 
The actual and theoretical distances iiere found to ·oe-
in close agreement. Second, calibration of the dynamo-
• •-- ' ---·· ·-· ..... -· ............... '' j, 
,, 
JI meter was checked by applying known weights to the cutting 
24 
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tool ana.·record1ng the forces on the recorder 1n 
accordance ,11th the test procedure outlin_~~---in ~h~ ______________ _ 
dynamometer instruction .. manual. The values of the 
recorded forces a-nd the weights applied to the cutting 
' 
·--.. ---------~-
., 
,?-- .-...--~"'U,·"',.--•.•-.. --... '""';~--
.:. 
. - ·- ·---- -- - - -- - ··•···--·-····••4 ._,, ... , ..... _, _________ ·····-·-··--·-·--·--···~----.. -~. 
tool were found to be in close agreement. 
To determine the ultimate shear strength for the 
materials used 1n the study a torsion test was conducted 
using specimens machined from material from the same heat 
and bar as that used to collect the force data. Test 
specimens were machined in accordance with the American 
Society for Testing Materials Standard A 260-47, Fig. ·l. 
, 
The specimens were tested on a Tinius Olsen & Co. torsion 
test machine. The results o~ the tests are shown below. 
Material 
AISI 01020 HRS 
SAE 4340 HRS 
Ultimate torque 
5,270 in-lbs. 
10,545 in-lbs. 
The ult·imate shea~r strength was then calculated 
using the relationship: 
where 
S = TC 
J. ' 
S .: Ultimate shear strength (psi) 
T = Ultimate torque (in-lbs) 
~-
c = Distance from the axis of the specimen 
to the outermost fiber or one-half of 
the diameter\' (in.) 
25 
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.. 
... ... , 
1 
f 
' 
- - ---------------~- ------- -
--- --·--------
. .. -.,P 
, 
J = Polar moment of inertia, ( 1/32) 1T d4 ( 1n. 4). 
The results of these calculations are listed below. 
·---- ·- . 
Material 
AISI Cl020 HRS 
Shear Strength 
63,800 psi 
·~ -------······-········ 
,,,,_, ... --·····----· .. -............... _ ... , ,_ ... ,~ .... _,,~ .. ···-- ............... - .............. --·~-.. ,.._---·- -~-~~.:..:.:.: _______ ~ __ _:::_:_. ······ ·-·· ,_ ... ,.,,.., ........... ~ ...... -...... __ .,..._,...., .' ,, ___ .., .. _....,._ -·... .. .......... ___ ~-... --····--···-' .. . 
. . .· ~,.~·,. . . 
SAE 4340 HRS 127,600 psi 
To verify the results of the shear planeangle 
calculations, high speed movies were taken of four 
cutting conditions. Enlargements of the pictures obtained 
are presented in Figures 4 thru 7. The experimental 
setup for taking the high speed movies is sho~ 
Figure 2. The high speed camera was mounted on the 
cross-slide of the lathe and advanced with the cross-
slide as the tool was fed into the workpiece. 
·-· ·. --.. -.,__,._ .... 
r, •' 
\iorl{piece 
r 
I 
I 
High Speed 
Camera 
I 
I 
I 
I 
L.. 
., 
---+---Tool Holder 
Chuck 
Cross-Slide 
Experimental Setup for High Speed Movies 
Figure 2 
... 
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The workpiece was mounted in the chuck as shown 
1n Figure 2, and a thin wall section was machined on 
----~----------- -----
- -----·· --- --· - ------- - . -
--···-·-.,···-,-~====-':_,., __ + ____ :_ --- - ----~-,,~---the·- -f ac·e --of- ---the ··wo·rkp1·erae--~---.. -- ....... The · th.icR.ne s·s of the · wall -
-- ws;s made equal~ to··the desired depth of c.ut.... The tool 
~~·····~--·~~....,.,..=::-~v~~-···-·;·~.'":"l';;•";'h'oi,t,r,u.,;iq~·:"'~·i .'1.:i} 0 • __ i· ~.~ ......... ~ ........ _ ....,...n,,_ ... ! .. ..__. "''•"·····-u•, '• 
. • . 
·-·-·-·- ...... , 
was positioned such that the thin wall section was being 
-·-
. } 
-. 
cut by the straight portion of the side cutting edge of 
the tool and not by the nose radius. This is illustrated 
in Figure 3. 
Workpiece 
__,___1 ____ _ 
Thin vlall 
Section 
Straight 
Cutting Edge 
Nose Radius 
Tool Holder 
To.oi Pos1!,1on for High Speed Movies 
Figura 3 
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The camera position, 1.e., behind the thin wall 
. section of the workpiece, was selected because of the 
--··· . --------------.----·-· . ---------·-··--·-- - - -
.. 
interference problem which would have been encountered -
if the caJUera had been mounted outside of the workpiece • 
\ 
I 
' .. ,.- -_-, ---,-;-.. ~---·-,-,- ... ,:-,-_,,-·,- -~··· \ ·., .· .. ;· .. ·· ·-- ., .. ,·~,· 
.. , 
... ; ...... :.-~ .-.. :"··· ----~_,··•·;.•' ,-.,.;,.,~~·- ,~ .. -':.· --.·-:_c_,·_., .... ,. --~--•--.---•-----··---•--•••·•· . •· '• ~ .. . . . .. . -··· . ·- - .. _ -... ,_ ..... - . -· ., ··------ ... ··----- .............. _.. .... . . .. :r·' 
. --
\ ... 
\111 th the camera mounted outside, the toolpost would 
have interfered with the view of the shear plane area. 
With the camera mounted inside the-thin wall section 
a clear view of the .. shear plane area ,1as obtained. 
' Due to the size of the camera it was necessary to 
place it at a slight angle with the inside surface of 
the thin wall section. This angle was kept at a 
minimum and any errors-# in reading the shear plane angle 
~ 
due to parallax would be negligible. 
The films were analyzed using a time and motion 
6-._/ 
study projector and representative frames were selected 
which best showed the shear plane angle. Negatives 
made from the motion picture film were used to prepare 
., 
the enlargements shown in Figures 4 thru 7 • 
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·--·-----·---- - .. ·--~~---------- ... -- 1'he---f-ollowing relationship, dev:-e101rea ·rn-tlie -···------
.'f" 
1 
J 
' -j . 
' 
T-' 
introduction or this •· th:es:J,.s, can be used to det·e·rm1ne 
I 
____ ............ _____ ;:. __ ~------- ______ the shear plane. angle for a----g·1ven set of cutt·ing· conditions··-·····---·--··· ··· t'" 
·-·--- ~ .. -·· ..... if the friction angle, back rake angle of the tool, shear 
strength of the material and the vertical cutting force 
are known. 
sin¢ cos¢ - sin2 tp tan( t' - G() = d r Sa 
Fe 
The friction angle for the workpiece materials 
(.:;oJ 
used in this study can be calculated by using the follow-
ing empirical relationships developed by Burfeind.l For 
·ik-1 AISI Cl020 HRS steel the.relationship is: 
T = -4.4 ~ 27.8 log d - 6.0 log f 
-6.2 log d log r + 0.48($., 
and for SAE 4340 HRS the relationship is: 
't' = 22.2 ~ 5.2 log d - 23.0 log f 
- 7.0 log d log f + 0.4-5~ , 
where d = depth of cut ( in. x 1000) ·, 
f = feed rate (1n./rev. x 1000), 
ex. bacl{ rake angle (degrees). 
{3.1) 
(32) 
When using these equations, care must be taken to 
substitute the actual or plug-in value of the back rake 
lBurfeind, A. F., The Effect of Cutting Conditions on 
the Friction Angle ('l:'), Unpublished thesis, Lehigh University, (1963), p. 18. 
I ' , .• 
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angle and not the ef:f ective back rake angle, which 1 s 
actually a combination of the back rake angle and the l 
- -- --- -----------.,--·-.-- ----· ··-·--·-------~ 
. . 
-· 
... -~-·- .-.. ·:· '- .. . . - - side rake angle. The results oT the friction angle ! 
· ·· , , ... , ..... ····-··calculations for all cutting oonditions are listed in 
. . ' """'---- .. --~- _·_- :·_. ___ --'--"·-· - '. 
• 
_.,_. 
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Appendix E. 
The feed rate, depth of cut and back rake angle of 
the tool were known ror all cutting conditions tested. 
The shear strength for each of the workpiece materials 
was determined by conducting a torsion test of each of 
the materials. 
. ·:. 
The corrected cutting forces for all runs are listed 
in Appendix D. Three runs were taken for each cutting 
condition. The average force values for each of the 
cutting conditions were calcula.ted and these values were 
used for subsequent calculations. The average horizontal 
and vertical force values are also listed in Appendix D. 
The force data for the various runs appear to be quite 
consistent with the exception of some of the more severe 
cu ts. For example , Cut !{umber 12 on 4 340 HRS with -5 
degree rake angle, feed rate of .0410 1n./rev. and depth 
of cut of .080 in. Under conditions such as these the 
tool wears, so rap1d·1y that ·a crater forms on the face of 
!l 
~tool almost immediately and the tool fails com~letely in 
30 
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~ Under these cond1t1ons."1t is difficult, 
if not impossible, to o'bt_ain_ accurate and consistent 
- ..• :~· .. -~:-:. .. · ..... ----. -······-·· -7 --· -~ ----· .-··.". - ..... - ··--,- _. . . 
force readings. 
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\ 
solved by the use of a trial and error techniqu~. A 
i 
program was written for the General Electric 225 compu~er 
j\. 
which would first calculate the value of the right hand "' 
side of the equa'tion and then substitute values of ¢,. 
in the left hand side of the equation until an equality 
was achieved. The results of these calculations are 
shown in Appendix E. It should be noted that while 
solutions for the shear plane angle were obtained for 
all cutting conditions for the,01020 HRS material, 
solutions were only obtained for four of the 18 conditions 
tested using the 4340 HRS material. The reasons for 
failing to obtain a solution for these conditions are 
•, discussed 1n the analysis section of this thesis • 
• 
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- - ·---·---·-----'--·-·---·-·-······ ........ angle ~ar·culat-i·ons for .the 01020 HRS were plotted as a · i 
•• J-"J 
l l1 . t'unc_t.io:ri of the feed rate and the -depth of cut for each 1 
back rake angle tested. These graphs are presented 1n 
Appendix F. Linear regression curves were fitted to 
each of the plots. The linear regression formulas are 
also presented in Appendix F. An examination of the 
C 
graphs revealed that the depth of cut, feed rate and 
back rake angle had an effect on the shear plane angle. 
This conclusion was later confirmed by an'alysis of 
variance. 
Figures 4 thru 7 are the shear plane photographs 
obtained from the high speed movies. The pictures were 
~ 
analyzed in the following manner to determine the shear 
plane angle. The frame or film from which each enlarge-
ment was prepared was mounted in a 2 in. by 2 in. slide 
mount. The slides were projected using a 35mm slide 
. projector and the shear plane was maa~ured from the 
projected image • 
. ,
The cutting conditions that were photographed were 
representative of all- of the cutting condi-tions tested, 
-
.\.' 
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with the exception that the heavy depth of cut - heavy 
feed and the light depth of cut - heavy feed conditions 
..... ----·- ..................... --- ·- . ·-·····--······· --· ·-·-· -
_ were excluded. 
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--~-~·-,~--·-· -- -- .. ·•· ~ .......... ____ ,.__._ .- ·;..._,,.. ., .... - . '·. 
. .. 
-' 
. 
:t·._ . 
.. ·' ~ -
i· 
the same when cutting the thin wall section as it is 
for the normal three dimensional machining of the 
workpiece. The manner in which the thin wa11· section 
1~ cut~-away is actually orthogonal cutting of the type \ 
for\ which the force diagram used in this thesi"s was 
developed. 
,-
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SHEAR PLANE PHOTOGRAPH 
Cut- -ID Number 30 
Material AISI 01020 URS 
Depth of Cut • 080 in. 
Back Rake Angle -5 Degrees 
Feed Rate .0102 1n./rev. 
Shear Plane Angle 17.2 Degrees 
Figure 4 
,,.. 
I \ 
SHEAR PLANE PHOTOGRAPH 
Cut ID Number 44· 
Material AISI Cl020 HRS 
Depth of Cut .040 in. 
Back Rake Angle -6 Degrees 
Feed Rate .0204 1n./rev. 
Shear Plane Angle 20.5 Degre~s 
Figure 5 
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SHEAR PLANE PHOTOGRAPH 
Cut ID Number 11 
·-
---
.. 
Material SAE 4340 HRS 
Depth of Cut .080 in. 
Back Rake Angle -5 Degrees 
Feed Rate .0204 in./rev. 
Shear Plane Angle 41.0 Degrees 
Figure 6 
;, 
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SHEAR PLANE PHOTOGRAPH 
Cut ID Number 23 
Material SAE 4340 HRS 
Depth of Cut • 040 in. 
Back Rake Angle -6 Degrees 
Feed Rate .0102 in./rev. 
Shear Plane Angle 35 • 2 Degrees 
Figure 7 
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ANALYSIS OF DATA 
' . 
The results or the shear plane angle calculations 
& 
for the 01020 HRS were analyzed using the statistical .· --- · -. 
technique analysis of variance to ·test t·he slgni£1cance 
:, 
of the independent variables. The results of the 
analysis are presented 1n Appendix G. The back rake 
angle, reed rate and depth or cut were all found to be 
significant at the 99% confidence level. None of the 
interaction terms were found to be significant at the 95%· 
coD.ridence level. This confirmed statistically the 
,, conclusions drawn earlier from the examination of the 
graphs of the shear plane angle plotted as function of 
the independent variables. 
Having determined that the back rake angle, feed 
rate and depth of cut all have a significant effect on 
the shear plane angle, the next step was to develop an 
equation to predict the shear plane angle in te.rms of 
these independent variables. The graphs (Appendix F) 
·showed that the affects of the independe11.t variables on 
the shear plane angle were linear and the technique of 
mul t1ple linear regression ,,as used··· to devel'bp the 
relationship. The following equation for predicting the 
shear plane angle for AISI 01020 HRS was developed: 
38 
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.,, 
¢ • 8.34 + .09 ex.. .. 128.6 r + 63.2 d , 
where CX: = back rake angle (degrees) 
f = feed rate (in./rev.) 
d • depth of cut (in.) . 
-i·.·.. ~-
' • I, I When _y.sing this- equation, the actual or plug-in 
(33) 
value of the back rake angle must be used, not the effective 
back rake angle which is a combination of the back rake 
and side rake angles. The results of the multiple 
linear regression and a comparison or the experimental 
values of the shear plane angle and the values as cal-
culated by equation (33) are presented in Appendix H. 
As was previously sta~ed, values for the shear plane 
angle using the following equation were obtained for 
only four of the 18 conditions tested with the SAE 4340 
HRS workpiece material. 
s1n¢cos¢ - s1n2¢tan(t'-~) = d f S8 
., Fe 
(30) 
A careful examination of the results of the ehear plane 
angle calculations (Appendix E) showed that solutions 
for ¢ were obtained for only the· less severe or finishing 
type of cutting conditions. With the negative rake tool 
a soiution was obtained for only the least severe condition, 
..-820_,, in. depth of cut and • 0120 in./rev. feed rate. With 
the positive rake tool solutions were obtained for the 
J· 3.9··. 
. ·,' · ... 
. I ' 
. i: 
I 
' I 
I! 
,, 
' I 
l ·-,· 
.,0102 in./rev. feed rate for both the .020 and .040 in • 
. 
depths of cut. A solution was also obtained for the 
________ ,, ___ , __ ,c_c_:.,.~,. .•. ,.,.,.---..,---:----~-- ,, -· .. - • 020 · 1n. · ·dept-h·, -·. 0204--- in. /rev:. -f-eed .rate. cutting condition. 
·~, 
-
In each case where a solution_could not be obtained 
the value of the right hand of the equation X, obtained 
using the experimental values, was so large that no value 
of¢ would give a value of the left hand side of the 
equation Y, to achieve an equality between X and Y. If 
the magnitude of the cutting force was increased, an 
equality could-be achieved. 
'0 
Equation (30) is another form of the equation for 
the vertical cutting force Fe that was derived from a 
geometry consideration of Merchants force diagram. 
d f Ss cos{1:'-CX) 
Sin tp COS ( i/J + t' - 0. ) 
A care:f'ul examination of, this relationship revealed 
that the vertical force Fe varies with the shear plane 
angle (/) as shown 'in Figure 8. The value of ¢ which 
results in a minimum value of Fe is about 35 degrees. For 
.. 
' if 
the cutting conditions used for this plot ( Cut ID Number 20 
0( = +6, d • .080, f • .0102) the average vertical 
cutting force obtained experimentally was 271 lbs. For a 
so_lution to be possible for these conditions using Merchants 
< 
equation would require a vertical cutting force of at 
least 290 lbs. 
. .. 
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PLOT OF THE VERT ICP.L FORCE 
• ~! a., 
AB A FUNCTION OF THE SHEAR PLANE ANGLE 
Vertical 
Force 
Fe (lbs. ) 
'\" ,,r, 
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: ...... 
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FIGURE 8 
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The force aqua tions used here to determine ¢ are 
!, 
normally used in the reverse manner, i.e., the s~ear 
_. __ .,._ ~"-· '", .......... ,, ·;--.. , ... , ... ;~.,--:·''·--.. -..... -· plane an·g1e _and the friction angle · are first predicted·· 
. ·>" 
(. 
-·-· 
by soma means s.uch as those discussed in the introduction 
to this thesis ~--then the force equations are used to. 
. ' 
predict the cutting forces. In fact, the theoretical 
prediction of ¢·is desirable only in that 1 t allows us 
to then predict the cutting forces. 
\ 
It should be noted in Figure 8 that a large percentage 
change in cf, in the range fra,m 30 to 40 degrees results 
in only a small percentage change in the vertical cutting 
> f·orce. Because of the nature of this plot the predicted 
value of ¢ could be quite far off and still have little 
effect on the value of the vertical force predicted by 
equation (24) • 
Based. on the above discussion and also on the results 
of the experimental cuts I conclude that Merchants force 
relationships are invalid for SAE 4340 HRS when the shear 
plane angle is greater than 35 degrees. 
Table 1 shows a comp~rison of the values of the 
shear plane angle as obta.1ned by the three methods used 
in thi!s thesis. The three methods were (1) calculations 
, using experimental data and equation (30), (2) calculations 
,. 
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using the regression relationship (equation 33) developed 
a.-
in this thesis, and (3) shear plane angle as determined 
from photographs of actual cuts • 
. 
. ~-.Comparison of Shear Plane Angles 
Obtained from Experimental Calculation, Regression .. -. 
Calculations and Shear Plane Photog~aphs 
. 
Cut ID Experimental Regression Photograph 
Number Calculation Calculation 
30 13.2 14.2 17.2 
44 14. 7 .14.0 20.5 
,, __ -~- -~~ 
11 -- -- 41.0 
23 35.0 -- 35.2 
TABLE 1 
The results·of the experimental and regression 
calculations are .in fair agreement with the actual value 
of the shear plane angle for cuts 30 and 44 using the 
.,,, 
01020 HRS material. ·· When the shear plane angle was 
calculated for cuts 30 and 44 using Merchant's original 
equation (2) the results were 31.7 degrees for cut 30 
and 38.6 degrees for cut 44. As can be seen, the 
relationship for predicting the shear plane angle developed 
in this thesis gives results which are in much closer 
agreement with the actual values than Merchant's equation. 
-
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Since no solution was obtained for cut 11 using the 
·experimental calculation we_ have no value to compare 
with the value from the photograph. It is interesting to 
not-e -that :for the conditions of, cut 11, the val-µ~ of. ¢, 
- . , 
which will give the maximum value to the left side of 
equation (30) 1s about 35 degrees. Thus for these conditions 
the maximum value of ¢ using this method of analysis 
would be about 35 degrees where as the actual shear plane 
, .. 
angle was 41.0 degrees. Th.is tends to prove that the 
force relationships as per Merchant are invalid for high 
~ ~ strength materials, except for very .-d-ight cuts and low 
a, 
feed rates. 
The results for cut 23 show excellent agreement 
\ 
between the value obtained by the experimental calculation 
and that obtained from the photograph. The value of ¢ 
which gives the maximum value to the left side of equation 
, (30) is slightly greater than 35 degrees. Although a 
solution was obtained ror the shear plane angle it appears 
that this is about the upper limit at which the Merchant 
force relationships are valid. 
A nomograph is shown 1n Figure 9 that can be used to __ 
predict the shear plane angle for AISI 01020 HRS material 
once the cutting conditions have been selected. The 
-·~ 
-- .. -.. . .. -. =-... - - . -- _·_ -···· -- . . ' " . ' -·· ' '. - --_- .. -.. ---~ -·· -··- _.,,.,-,"-- -,• ··~·· '' __ ,,.,,,. ··•·• .. ._._ •.. ,. 
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nomograph provides a graphic solution to equation (33). 
To use the nomograph draw a straight line (line 1) 
between th·e· selected valu-es of feed rate and depth of 
..:::~-." -· -.-···•·-- •:-:--,··· ~-c-·,·,:--,-nr-··,.,.,,,-; ._-~,-- .. •·~ '":"'~ .... .: .,, ;.. ~, .... ~. L-•.•-----~-,·•••'•• • .. -.. 1.,. • • • 
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. - . 
·,; 
~. f 
' 
\ 
; 
i. 
' ~"'!·· . 
·- ~ -~··. -~ - ,.· 
, . 
,1'>.' 
: ..... •' 
cut on the f and d scales ·marking where this line inter~· 
sects with the q scale. Draw a second straight line 
(line 2) through this point of intersection and the 
selected value of the back rake angle on the 0.. scale. 
Then read the value of the shear plane angle where index 
line 2 crosses the </> scale. 
'~ 
Using the nomograph in this 
marmer provides a quick and simple method for predicting 
the shear plane angle- in tenns of the cutting conditions. 
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NOMOGR~PH FOR PREDICTING 
THE SHEP.R PLl\}JE Af~GLE FOR 01020 HRS 
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CONCLUSIONS 
As stated previously, .the purpose of this study 
... -- . -•·· .. .,-
- -·. 
--· - was to develop an empirical rela t1onsh1p for the 
·,. 
.. ·•··•· - ,- ·- --- '·········-
. · --~=--- determ1na tion of the shear plane angle (/> • Based on 
the results of this -study, the following conclusions 
were drawn: 
l. The following relationship can be used to 
predict the shear plane angle for AISI 01020 HRS: 
¢ = 8 • 34 + • 09 « + 128 • 6f + 6 3 • 2d , 
where CX · is the actual or plug-in value of the back rake 4 . 
/\ 
angle of the cutting tool in degrees (care must be taken 
' 
not to use the effective back rake angle), f is the 
feed rate 1n 1n./rev. and d 1s the depth of cut in inches. 
This relationship can be used in conjunction with a 
similar relationship for the friction angle developed 
by Burfeindl, to predict the cutting roroes which will be 
encountered for a g.iven set of cutting conditions with-
"\ 
out the necessity of first taking a trial cut to determine 
any of the factors dependent on the results of the trial 
cut. 
. . ~. 
I I .. 
/lBurfeind, A. F., The Effect of Cutting Conditlons · on the Friction Angle ( "C ) , Unpublished'- thesis, Lehigh Univers~ty (1963), p. 18. 
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2. The shear plane angle is dependent on the 
cutting conditions. The factors which have a significant 
effect on the shear plane angle are the back rake angle, 
depth of cut, feed rate and workpiece .in~tt9.J.:'1c3.l .• --:~~-:-·::::-~::~~-- . 
,,.J. '\ r! 
3. The present force and angle relationships 
used in metal cutting are inadequate. In particular, 
the force relationships presented by Merchant are invalid 
for SAE 4340 HRS when the shear plane angle is greater 
than 35 to 40 degrees. 
4. The high speed photography technique can be used 
( ~ --- ,--- - - - - - - - -· 
to study. the na.ture of the chip forma t1on process while 
it is actually occurring, without the need for quick-
stop mechanisms that may effect the shear plane angle 
when they are actuated. 
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AREAS FOR FUTURE STUDY 
~' 
. . 
. The techniques used, and the problems encountered 
__ . in this study have brought to mind the following areas 
- - --in which further st11dy ·should· be conducted. · ·These areas 
include: 
1. An expansion of studies of this type to include 
a greater yariety of workpiece materials. The effect of 
workpiece material on the shear plane angle should be 
studied and if possible a relationship should be developed 
for this effect. 
2. A careful study and evaluation of the existing 
force relationships to determine why they are invalid for 
~· 
certain materials and cutting conditions. This study 
should lead to the development of force and angle relation-
ships that will either cov~r all workpiece materials and 
cutting conditions or will have their limits clearly 
defined. The limits for ex~sting relationships should 
also be clearly defined. 
3. A detailed study of the nature of chip formation 
using the high speed photography technique. This 
teo:tmique proved to be very successful for determining 
the shear plane angle for given cutting conditions. All 
·~ 
existing studies of the nature of chip formation have made 
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use of either a quick-stop mechanism or extremely slow 
cutting speeds, to investigate the shear area. High 
- ' 
speed photography can be used to study the shear area 
at normal cutting speeds, thus el_iminating any effect 
either of these methods may have on the nature of the 
shear area. 
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EQ,UIPMENT AND MATERIALS 
-.. - .~: ,, . .. - . .. .. \ 
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K. 
L!st of Equipment 
1. LeBlond 16 ineh Heavy Duty Engine Lathe 
2. U.S. Electrical Motors, Inc. Varidyne Control Unit 
3. Shaw, Smith and Associates Model L2-6, Two 
Component Lathe Dynarnometer 
4. Sanborn Company Strain Gage Amplifier .and Twin 
Viso Recorder 
5. Fairchild Model HS10116MM High Speed Motion 
Picture Camera. 
Tool Holders and Inserts 
1. 
J 
Negative Rake 
~ 
, Tool Holder - Carboloy L1ft-o-Mat1c TGTR-16 
Inserts - Carboloy TBT 163P3 350 Grade 
2. ·Positive Rake 
Tool Holder - Carboloy Lift-0-Matic TGPR~85 
Inserts - Carboloy TBP 163P3 350 Grade 
Workpiece Materials 
1. AISI 01020 HRS - Bethlehem Steel Co., Heat 
No. 659J078 
·;. 
. 
---·--·· -·--
.. ...... . . -· 
A. Diameter 7.75 inch 
B. Hardness 152 BHN 
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· EQUIPMENT AND ~TERIALS ( CON' T) 
- ·~ ,. ..... .. _.:, ... ~ ·_;._;: ____ , - ·-rr•·• .. .,. ·:··- -· •.•- " , 
........ D.-
·Chemical Composition 
·-········ C Mn 
0.21 0.60 
p 
0.015 
2. SAE 4340 HRS 
-
Bethlehem Steel 
No. 104H392 
A. Diameter 7 inch 
B. Hardness 321 BHN 
c . Shear Strength 127·,600 psi 
...... "" 
D. Chemical Composition 
C Mn p s 
6.43 0.80 0.025 0.020 
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~·J 
. .:.~ 
.'l J 
s. · 81 /; 
0.21 
Co., Heat 
\ . 
• 
S1 Ni Cr Mo 
0.27 1.72 0.83 0.25 
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LIST OF CUTTING CONDITIONS AND I j 
·~~···-
.. ', .. 
. 
.... . , .. -- -··'·~,'..·:·.,.:,. ,-.-:---~,-~ ... -: ... ··· .·. ·.: .. :.~------~--·=~~---=-_:-----~~-----___ --~-- · ___ :·-····OUT IDENTIFICATION NmffiERS ....... ~·-··--·,.: .. .: .. ·,-:-··· .·- .... ,-·.·~--~··-··.·- . . ·-·: -~··- - ......... ~;'-__ - . - '' : .. ~ •.. ,.:, ... :._ .. ·.:;. ,_,,,,,;_~~ - "·' - - :---.,· 
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. ··-··-·-··-.. -------·-·- . ·. ~ . 
.. . . -~' . -~ . ,. 
,, 
___ cut . ID Work Piece 
Number Material 
10 4340 HRS 
11 4340 HRS 
12 4340 HRS 
13 4~0 HRS 
14 4340 HRS 
15 4340 HRS 
16 4340 HRS 
17 4340 HRS 
18 4340 HRS 
20 4340 HRS 
21 4340 HRS 
22 4340 HRS 
23 4340 HRS 
24 4340 HRS 
i,, 
25 4340 HRS 
26 4340 HRS 
27 4340 HRS 
28 4340.HRS 
Back Rake 
Angle (Degrees) 
. .. --- ····· .... _ .•....... 
-5 
-5 
... 5 
I 
-5 
-5 
-5 
' 
-5 
-5 
-5 
+6-
+6 
+6 
+6 
+6 
. 
-t-6 
~6 
+-6 
+6 
.... . ) \\ 
,, .... / 
Depth of Feed Rate 
Cut (in.) (1n./Rev.) 
.080 .0102 
.080 .0204 
.oao .0410 ,. 
.040 .0102 
.040 .0204 · 
.040 .0410 ;'ad, 
.020 .0102 
.020 .0204 
.020 .0410 
l-~80 .0102 
.080 .0204 
.080 .0410 
.040 .0102 
.040 .0204 
.... 
.040 .0410 
.020 .0102 
.020 .0204 
.020 .0410 
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LIST OF CUTTING CONDITIONS AND 
CUT -IDENTIFICATION NUMBERS .. -- .. •- - -·· .. ··-···· -··· -.),,... 
i.!., .- •• • ' • 
-~ 
. -
Cut ID Work Piece Back Rake Depth.o:.f.- ,. 
----Fe-ed Rate ········--··--·-·· . Number Material. Angle"" (I?e~~-~-~) Cut {in •. ) .. ( in ./Rev. ,.) . - .. - ---- ·- .. -- r-- ..... ,--·------····--····-· _ .. , ........ ,_ , ...... , .. .,~.··•-..--- = ·--~-..,x···.,··· . -··-'·· ..... - ,. .......... . . . 
. . 
, .. -..... ~"'" - ....... 30 Cl020 HRS 
-5 • 080 .0102 --··-·· -·-·-··-----~-
., . 
' 31 01020 HRS-
-5 • 080 .0204 
32 01020 HRS 
-5 .080 .0410 
' 
33 01020 HRS 
-5 .040 .0102 
34 01020 HRS 
-5 .040 .0204 
35 01020 HRS 
-5 .040 .0410 
36 01020 HRS 
-5 .020 .0102 
37 01020 HRS 
-5 .020 .0204 
38 01020 HRS 
-5 .020 .0410 
40 01020 HRS +6 .080 .0102 
41 Cl020 HRS +6 .080 
' 
.0204 
42 01020 HRS +6 .080 .0410 
43 01020 HRS +6 .040 .0102 
I 44 01020 HRS t6 .040 .0204 
.45 01020 HRS +6 .040 .0410 
46 01020 HRS +6 .020 .0102 
47 01020 HRS t6 .020 .0204 
48 01020 HRS +6 .020 .0410 
' 
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LIST OF ORDER IN WHICH 
-- • - • . ... - -·· ...... ~ .... 1 ....... , ....... •• .e...... •.· -·. :. - - _ _:, __ ~,1.:.. - .. "~ _, .• '. .•.. - ., .. . - . ·-. 
- ' .\. .. - ..... - ····· ·-·· ,.. .. .. 
. -·-··· ··'··---·- -- .. - "' - --
""'\' : DATA WAS COLT,ECTED .,.. 
··-·-----···-·····. - ·-· •..• , ........ .,. ,>r ·-----. . -· ' - ••• ' • 
.\ ..... ,. . . 
cut ID and Wo:rk Piece · .. Back Rake . Depth of Feed Rate 
........................................ _ .. _.c.~ ........ ·· · .... :--·---- -Run Nlllllber Material Angle (Degrees) . Cut (in. ) (in/rev.) 
·fjl._'. 
:-:_ .. 
30-1 
31-1() 
32-1 
33-1 
34-1 
35-1 
36-1 
37-1 
38-1 
46-1 
47-1 
48-1 
43-1 
44-1 
45-1 
40-1 
41-1 
42-1 
y:· 
t-
01020 
01020 
01020 
01020 
01020 
01020 
01020 
Cl020 
01020 
01020 
01020 
01020 
01020 
01020 
01020 
01020 
01020 
01020 
,. . ·.P .. ··-·---· ····-··-·-····-
r 
-5 ____ 8_ 
-5 
-5 
-5 
-5 
-5 
-5 
-5 
-5 
-5 
+-6 
t6 
+6 
+6 
+-6 
+6 
+6 
+6 
.080 
.080 
.080 
.040 
.040 
.040 
.020 
.020 
.020 
.020 
.020 
.020 
.040 
.040 
.040 
.020 
.020 
.020 
.0102 
.0204 
.0410 
.0102 
.0204 
.0410 
.0102 
.0204 
.0410 
.0102 
.0204 
.0410 
.0102 
.0204 
.0410 
.0102 
.0204 
.0410 
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LIST OF ORDER IN WHICH ) 
DATA VIAS COJ.J,ECTED ( CON' T) 
.... --·- ..-.- . -· :. - -- . . - - -- - . . . - - - . 
a,... ~ 
·• ·, 
7 "'"~,c·,~···,=="·'·,~""·=···""·········· -···· eut· ID and · Work Piece 
···-···--·-·-·--··--·- --~:.~·-·-·-----: · Run Number Material 
-.-,-•-• '" .... - ··-••·,.--~.-• -·-·--- ... --.-r•••-·~---~---~-•~--~~-• ·-·····~--~--~-•,. -·••"''' ·•' -~· .... , , • . 
,; 
',· 
fl· 
" 
' 
~t. . 
~ , 
-
d 
... 
I 
~· 
-
.. 
&,,----~-------·---·-··· .. ····-··-····-------·--··----------- -
35-3 
35-2 
34-2 
43-3 
34-3 
30-2 
41-3 
46-2 
31-3 
31-2 
32-3 
38-2 
33-2 
36-3 
46-3 
37-2 
, 
41-2 
44-3 
47-3 
38-3 
\) 
Cl020 
01020 
,. ' 
01020 
01020 
Cl020 
Cl040 
01020 
01020 
01020 
01020 
... Cl020 
01020 
01020 
Cl020 
01020 
01020 
01020 
Cl020 
01020 
01020 
Back Rake Depth of Feed Rate .. ~ ... ~-- , . '-;~ 
Angl·e (Degrees) Cut (in.) (in/rev.) .. 
......... ~-··· ~- . - .. ---·. . .. -· -- -. ,..-.. -... -.. .. . ·-·-. --·-- ... -. .. . ....... --- ... , -- . . -- . --· ---------··--·-·----······- .......... _ ...... -····· ····r ....... ··-
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l. 
-5 .040 • 0410 ; 
-5 
-5 
+6 
-5 
-5 
~6 
i-6 
-5 
-5 
-5 
-5 
-5 
-5 
-5 
.-6 
.-6 
~6 
-5 
.}· 
.040 
.040 
.040 
.040 
.080 
.080 
.020 
.080 
.080 
.080 
.020 
.040 
.020 
.020 
.020 
.080 
.040 
.020 
.020 
... 
·.0410 
.0204 
.0102 
.0204 
.0102 
.0204 
.0102 
.0204 
.0204 
.0410 
.0410 
.0102 
.0102 
.0102 
.0204 
.0204 
.0204 
.0204 
.0410 
. . .... > 
... ~ .. ~-----------· 
~- .,.... • ,n. • • "•~· .... ~" ~ • • • , '•~'- --" _,...,, ••,_.I •' r,• .J\ •,::-.,..--, • .._ .. , ,,.,._, U,O • •• • .~ -
! "' 
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·1•r 
':·' LIST OF ORDER IN WHICH 
DATA WAS COL~CTED ( CON' T ) 
. ·- -··· ..... , - . ~-
Out ID and Work Piece Back Rake·,------------···Depth o:f Feed··· Rate----_:_ ___ · ·, · ········· 
Run·Num~t· 14:aterial Ari.gle(Degr~e13) Q11t (Jn.) (in/rev.).. ... . . 
47-2 
44 ... 2 
-:· .. ~---~ . 
42-3 
40-2 
45-3 
45-2 
43-2 
33-3 
37-3 
30-3 
48-2 
48-3 
40-3 
42-2 
32-2 
.. 36-2 
10-1 
11-1 
12-1 
01020 
01020 
Cl020 
01020 
01020 
01020 ~ 
01020 
01020 
01020 
01020 
01020 
01020 
01020 
01020 
Cl020 
Cl020 
4340 
4340 
4340 
13-1 · __ · ________ ··-4'40 
" . 
~-!c,:.;: _,._ ~--=· _. ~- ·-' -· •.: c • .'... .. - ~ ··•-- •• 
.\:··.·.--·-- - -
+6 
+6 
+6 
+6 
+6 
+6 
+6 
-5 
-5 
-5 
+6 
+6 
+6 
+6 
-5 
-5 
-5 
-5 
-5 
·-5 
/" 
.020 
.040 
.080 
.080 
.040 
.040 
.040 1 
.040 
.020 
.080 
.020 
.020 
'.oso 
.080 
.080 
.020 
.080 
.080 
0 , .oso 
.040 
0204 . 
. ......... ''' 
~0204 
.0410 
.0102 
.0410 
.0410 
.0102 
.0102 
.0204 
.0102 
.0410 
.0410. 
.• 0102 
.0410 
.0410 
.0102 
.0102 
.0204 
.0410 
\ 
.0102 
,h- ,I' 
1 
. I 
' 
'-... -
~- .~ . ·~·.' 
;_. ___ , ................. , .. ---···-····- , . .: .. -·~·~········ -~ .. ; .. ;: -.- ....,.. ... Gut, ID and 
. •---··-
Run Number 
"·~--·---········-·----··· ..... ,--,.-. .................. -,,.., ....... -· .. ,-.-, .. ,,, ... ·-· ...... ,-.~--· .,~ ...... ~~- ····-~·. - ... 
14-1 
15-1 
16-1 
' 17-1 
' 
' l 
18-1 
20-1 
21-1 
22-1 
23-1 r 
24-1 
25-1 
26-1 
"'~ 27-1 
28-1 
26-.2 
22-2 
12-2 
17-3 
10-3 
,., 
18-2 
.--: 
' ' 
-
LIST OF ORDER IN WHICH 
-
DATA w.~s COLLECTED ( CON1 T ) 
Work P·ieoe·· ·.·. · ·Baek· Rake· .Depth of 
Angle (Degrees) Cut (in.) Material 
. .. . .- . '" .. 
. . - . - . -·- ,., ' . - ·• ...... --.-- - .... - '" ... -. ... -.... , .. ' ........... ' ...... " ·- ..... 
-· .. - ... 
4340 
-5 .040 
4340 
-5 .040 
4349 
-5 .020 
4340 
-5 .020 
4340 
-5 .020 
4340 +6 .080 
4340 +6 ,:. .080 
4340 +6 .080 
4340 +6 .040 
4340 +6 .040 
4340 +6 .040 
4340 +6 .020 
4340 +6 .020 
I 4340 +6 .020 
4340 +6 .020 
4340 +6 .080 
4340 .,-5 
.080 
4340 
-5 .020 
4340 
-5 .080 
4340 -5· .020 
61 
,. ~ 
Feed Rate (in/rev.) 
.0204 
.0410 
.0102 
.0204 
.0410 
.0102 
.0204 
.0410 
.0102 
.0204 
.0410 
.0102 
.0204 
.0410 
.0102 
.0410 
.0410 
.0204 
.0102 
.0410 
•. 
•··- ·<, ••••·'" ' •• ··•-·••u-o,, ••···•···-•· •"'•'"•• - 'J,.,,.~ 
l. 
I. 
i 
J . 
' i ···--···-···•--····-· .. . .. -~--.- ----------- - --- . -·· . . 
i 
L---- ... -····-··-·-· ·-·-···-·· ·---··- ._ .......... ~ ... -...•..... ----·-······- "''' ---·-· ....... '-· .,., ... --• ·----------------'·· ----··-" ·····--·~·-·· .. ··-····· .. · ....... . r 
................... ···-·····-··--·-·· ••••• h ............ ~-·-···-----· .. _ ...... ' .. 
I 
l 
' t 
. 
i 
i 
l .· 
I ; 
I 
i 
' 
l 
/ 
•, 
-:.~-. 
..... 
.. 
o. 
'\ 
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Cut ID and 
" Run Num oe r-
20-3 
27-3 
23-3 
13-2 
15-2 
10-2 
. 
12-3 
14-2 
17-2 
15-3 
28-3 
18-3 
14--3 
11-2 
27-2 
16-3 
. -
21-2 
26-3 
23-2 
28-,2 
• 
t 
~-··· 
·....:.._,, 
LIST OF ORDER IN WHICH 
PATA WAS COLLECTED (CON'T) 
Work Piece Back Rake Depth of Feed Rate 
- -
. . -· --··- -------····( . . . 
. . ) 
__ Cut_:---~{ in. J .... ( 1.n/ rev •. l ..... Material An:gl~ pegree~ _ . 
. . .... ,, 
----
4340 +6 .080 .0102 
4340 +6 
_j .020 .0204 
4340 +6 .040 .0102 
4340 •5 .040 .0102 
4340 
-5 .040 .0410 
4340 
-5 .080 .0102 
... 
4340 
-5 .080 .0410 
4340· 
-5 .040 .0204 
4340 
-5 .020 .0204 
4340 
-5 .040 .0410 
4340 +6 .020 .0410 
4340 
-5 .020 .0410 
,. 
4340 
-5 .040 .0204 
4340 
-5 • 08,,0 ~0204 
4340 t-6 .020 .0204 
4340 
-5 .020 .0102 
\ 
4340 -t-6 .080 .0204 
4340. -t-6 .020 .0102 
4340 +6 .040 .0102 
4340 .. 6 .020 ~-o410 
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LIST OF ORDER IN WHICH 
~TA WAS COI,I,ECTED (CON1 T) 
______ ... _______ .. · .. ·. ._· _--. . ·.---.------·· .. - ---· ..•.. ··- _______ .. _____ -· ---·~---.. ---····· 
-········· . --···-···f--·· - --· ·'···--·-!" .. '' -.-.<..•··-.--.-,.-.:,-::,·"""' ___ ""'·,·:.···:· - . 
Cut ID and Work Piece 
· ·-------~----·Run Number Material 
----:--.. ··----~-------- . ---- --_ ·•. . ·-.......................... , ............ ······ ... .. . 
·=-.- -·-·-··--·-·· -·---- ··-. 
22-3 4340 
21-r3 
16-2 
11-3 
20-2 
24-3 
13-3 
25-3 
24-2 
25-2 
;., 
4340 
43,40 
4340 
4340 
4340 
4340 
4340 
4340 
4340 
. - ·--·-···· ··- -·-·-· -· --·······-·· ·--·-··-· ---·-··--------------- -------~-------------------·- -· --- ---···- ..... . , -
. ··-· . ·-·-· -----··---- ~., . ··-· 
Back Rake - Depth of Feed Rate 
Angle(Degrees) Cut {in.) (1n/re.v.) 
. .,· 
,;·· 
\ 
63 
+6 
'+6 
-5 
-5 
+6 
+6 
-5 
+6 
+6 
+6 
,, ........... ·····-····--· 
·, 
... 
c;, 
ti;" . 
·\ 
' 
,· 
·I· 
........... ,.._. ......... ·-··· 
.080 .0410 
t' 
.080 .0204 
.020 .0102 
.080 .0204 
.080 .0102 
• 
.040 .0204 
.040 .0102 
.040 .0410 
,, 
.040 ~0204 
.040 • 04.10 
..• 
.rt 
•----. 
I 
I 
. I 
I 
,1 
I 
; . I 
'. j 
Ll 
I 
:1 
l 
I 
\ 
. ·, 
) 
,, 
I 
' ' 
·' 
·, 
'1 
'I 
ii 
' ii 
I 
I 
. I 
I 
lf 
1: 
] 
IL 
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I 
C 
~ 
I 
• 
' 
• 
I 
~ 
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: . •' \ .- . •,: - ... ~~- .... ·--····--- ~--·----· 
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I 
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APPENDIX D 
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CORRECTED FORCE DATA 
WORKPIECE MATERIAL SAE 4340 HRS 
CUTTING SPEED 450 SFPM 
( 
. ' 
t i 
' ' 
' I I : 
! I i I ' I ; 
' ' 
,! . 
l : } : 
1 '.! ' 
l ! ·! ! ·, 
,_ J: 
l 
; 
' . 
i . 
TOOL HOLDER -- 'J:iGTR - 16 · · 
INSERT TBT 163P3 '350 ff~E 
BACK RAKE ANGLE -5 DEG~EES 
Cut ID 
Number 
Depth of 
Cut (in.) 
F:eed Rate 
(in./rev.) "'·· ' 
Hor izont~i .Fo.rce Ft (lbs.)~- Ve·rtical Force ~cl: (lbs.) 
Run 1 -.R.un 2. Run 3 
10 
• 080- • 0102 1.3·::s .. ' 1.2·0 130 
.11 _.·oeo. 
• 0204 1:5:,Q 1.:5:Q 165 ;· 
0\ ;l,--2: .080 
• 0410 5·.2··1 ,3_:5::·1., 461 \J1 
-~ 
·13. 
• 040 • 0102 :P·'.O :$:5 55 
'l4 
• 040 • 0204 70 '7.5 70· 
15 • 040 
-· 
·04:1:0 7,5· 79 ·a::S 
'I.. 
1-:6: •. 020 
• 0102 2-3· 2:0 ::2 2· 
a 
.... 0204 .. 17 .0:.20 3·0 _3·0 
._.3:0. . . ' 
1·a .-- '• . ·0.:2:0 .. . . ' . 
• 
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1. · Back Rake Angle -5 Degrees 
·-·······-··. -._ .. - .. ·---· 
-· 
. - . - ·-. ·---, -
. -~ . A •. Shear Plane Angle vs. Feed Rate· 
... -- ........ ~,. ,-.,- - -- .. - ~- .. --~---··-·· ' •.... ····-·~- ~· ,h; ;,..: •. :,,. :..:.--.. ' ! ... ;,., ·--- . . :,., . ..... - ........ ,. ....... '' - .• 
. . ... ,, 
·131.4·· . ~ ... ' . - . .020 Depth of Cut ¢, 
-
9.3 + r 
.040 Depth of Cut (/> 
-
9.4 + 179.3 f 
.080 Depth of Cut <I> 
-
12.0 + 150.1 f 
........... , .... 
·1 
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B. Shear Plane Angle vs. Depth of Cut 
• ·o· 
• 0102 Feed Rate ¢ - 9.2 +. 49.6 d 
-
.0204 Feed Rate ¢ - 11.4 + 52.9 d 
-
.0410 Feed Rate ¢ - 13.8 + 55.0 d 
2. Back Rake Angle 46 Degrees 
~· 
··¥ A. Shear Plane Angle vs. Feed Rate 
• 020 Depth of Cut cp 
-
10.3 + 109.2 f 
.040 Depth of Cut ¢ - . 12. O + 104.2 f 
.,! 
.. 
.080 Depth of Cut 
-
15.0 + 97.2 f -· \l. . ~ 
B. Shear Plane Angle vs. Depth of Cut 
.0102 Feed Rate q> - 10.0 + 64.6 d 
-
~ 
.0204 Feed Rate (/) - 10.8 + 92.5 d 
-
.0410 Feed Rate ¢ - 13.4·+ 64.6 d 
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.. Levels of B 3 
Levels of C 3 
Total No. of Observations 18 
Degrees of 
Effect Freedom 
* A 1 
* B .2 
* C .2. 
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AB 2 
AC 2 
·., 
l BC 4 
Residual ·4 
Total 17 
*Highly Significant Effects 
(Back Rake Angle) 
(Feed Rate) 
(,Depth of Cut ) 
Sum of Mean 
Squares Squares 
45.0000 45.0000 
51.7900 25.8950 
44.8933 22.4467 
1.8900 .9450 
1.2933 .6467 
.7867 .1967 
.7667 .1916 
105 .9200 
F Ratios: 99% Level F~os: 95% Level 
1/4 • 7.71 
~/4 = 6.94 
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l. Relationship.for Determination ·of Shear Plane 
Angle ¢ . 
¢ : 8.34 ... 09 <X + 128.6 -.r .,. 63.2 d 
CX: = .Back Rake Angle ( Degrees ) 
f = Feed Rate (1n./rev.) 
·· d = Depth of Cut (1n./rev.) 
2. Comparison of Experimental Values of¢ and Values 
.. - • ··1·. 
Calculated by Regression Equation. 
~, 
Cut ID Experimental Calculated 
Number Values Values 
-~. 30 13.2 14.2 
31 15.6 15.6 
I 
32~ 18-.0 18.2 
33 10.9 11.7 
... 
34 13.6 13.0 
35 16.6 15.7 
. ),J· 
... 36 10.3 .. 10.5 
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